INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is a multifactorial progressive neurodegenerative disorder that damages different brain regions, causes loss of memory and affects other brain functions. AD is neuropathologically characterized by extracellular senile plaques that are formed by the accumulation of amyloid-β (Aβ) peptides, intracellular neurofibrillary tangles (NFT) containing hyperphosphorylated microtubule-associated protein tau (MAPT), neuroinflammation, neuronal and synaptic loss. Neurodegenerative disorders, including AD, tend to be selective for specific neuron types and brain regions with specific functions. This selective degeneration also causes the clinical symptoms of the diseases. In AD, senile plaques mainly accumulate in the isocortex, then spread through the hippocampus and entorhinal cortex to other brain regions \[[@ref001]\]. On the contrary, NFTs are first seen in the entorhinal cortex of the medial temporal lobe which is known as the most affected part in the AD brain \[[@ref002]\]. Moreover, senile plaques spread randomly in the cortex and the hippocampus, while tangles selectively deposit in the pyramidal neurons and spread through the connections between layers \[[@ref003]\]. Despite the different spatio-temporal patterns, both of these main pathologies are observed most intensely in the medial temporal lobe where also the atrophy caused by neuronal and synaptic loss is detected in correlation with clinical symptoms at the late stages of the disease \[[@ref004]\].

Despite many years of research, neither the mechanism of the disease is completely understood nor has a cure been found. The pathophysiological changes in AD brain appear years before the appearance of the clinical symptoms. Identifying key molecules and novel biomarkers at pre-symptomatic stage using proteomics is an invaluable way to gain insight into the pathogenesis of AD. Proteomics studies of blood and cerebrospinal fluid are important for the biomarker discoveries but not sufficient to clarify the disease mechanism. Also, brain tissue studies from AD patients are only applicable postmortem which is a late stage to examine the progression of the pathology and to find predictive or prognostic biomarkers. Hence, using transgenic AD mouse models are an advantageous way to overcome these issues.

The 5XFAD is an early-onset transgenic AD mouse model in which Aβ production increases additively and rapidly \[[@ref006]\]. This mouse model presents intracellular Aβ depositions in cortical layer 5 and subiculum of the hippocampus within 2--4 months along with learning and memory deficits \[[@ref007]\]. After 4 months, cognitive deficits related to frontal cortex in association with strong gliosis and amyloid plaques are identified \[[@ref008]\]. Although 5XFAD mouse model does not present tau pathology, high amounts of toxic Aβ alters the structure and density of the synapses and causes progressive neuronal death and atrophy, where most AD mouse models lack having such characterization \[[@ref009]\].

A number of studies have examined the protein expression differences in various brain regions of transgenic AD mouse models at several time points using proteomics approach; yet newborn transgenic mouse model has not been studied \[[@ref011]\]. Here, we performed a proteomics study on three brain regions---cortex, hippocampus, and cerebellum---of the newborn 5XFAD mouse model. We investigated the functional networks, which involve proteins with significantly altered expression, using Ingenuity Pathway Analysis (IPA) software. We performed primary cell culture and immunoassay experiments to validate our proteomics data. We also compared our results with the postmortem AD human brain proteome studies in order to determine the similarities between the newborn and late stage of the disease.

METHODS {#sec0010}
=======

Transgenic mouse model: 5XFAD {#sec0015}
-----------------------------

The 5XFAD mice, expressing mutant human AβPP with the Swedish (K670N, M671L), Florida (I716V), and London (V717I) familial Alzheimer's disease (FAD) mutations and two human PS1 (M146L, L286V) mutations under the *Thy1* promoter, were used. (Jackson Laboratories, Bar Harbor, Maine, USA) Hemizygote transgenic mice were crossed with B6/SJL F1 breeders and extracted genomic DNA from tail biopsy of all mice were used to assess genotype by polymerase chain reaction analysis. The 5XFAD heterozygote transgenic mice (1 day-old) were used as the experimental group and non-transgenic age-matched littermates (LM) were used as the controls for the proteomics analysis. Animal care and handling was implemented according to National Institutes of Health Guidelines for the Care and Use of Laboratory Animals with approval of Local Ethics Committee of Animal Experiments of Istanbul Medipol University.

Sample preparation for LC-MS/MS analysis {#sec0020}
----------------------------------------

Transgenic 5XFAD and LM neonatal mice (*n* = 3 per group) were sacrificed and cortex, hippocampus and cerebellum samples were dissected. All tissues were frozen on dry-ice and stored at --80°C. Tissues were mechanically homogenized with a pellet pestle (Sigma-Aldrich Sweden AB, Sweden) \[[@ref014]\] in 50 mM ammonium bicarbonate and lysed via boiling at 100°C for 5 min in UPX Buffer (Expedeon, UK). The samples were centrifuged at 15,000 g at 4°C for 10 min and the supernatant were collected. Tryptic peptides were obtained according to Filter Aided Sample Preparation Protocol (FASP) \[[@ref015]\]. Briefly, 50 μg protein extract was washed with 6M urea in the 30kDa cut-off spin column and alkylated with 10 mM iodoacetamide (IAA) in the dark for 20 min at room temperature. To digest the proteins, trypsin was added at an enzyme to substrate ratio of 1:100 and the digestion was performed overnight at 37°C. Tryptic peptides were eluted from the column and prepared at 100 ng/μl concentration.

LC-MS/MS analysis and data processing {#sec0025}
-------------------------------------

Analysis and data processing was done according to our previously published work \[[@ref016]\]. Briefly, 200 ng of tryptic peptides were loaded on a nanoACQUITY UPLC coupled to a SYNAPT G2-Si HDMS system. The columns were equilibrated with 97% mobile phase A (0.1% formic acid in LC MS grade water (Merck)), and column temperature was set to 55°C. Peptides were separated from the trap column (Symmetry C18 5 μm, 180 μmi.d.×20 mm, Waters, Milford, MA) by gradient elution onto an analytical column (BEH C18, 1.7 μm, 75 μmi.d.×250 mm, Waters, Milford, MA) at 300 nL/min flow rate with a linear gradient from 5% to 40% mobile phase B (0.1% formic acid in hypergrade acetonitrile (Merck, NJ, USA)) over 120 min. For LC-MS/MS study, three distinct biological samples were used and each sample was analyzed in duplicate. Therefore, six separate injections were made for each biological group.

Progenensis-QI V4.0 (Nonlinear Dynamics) for proteomics software (Waters) was used for the identification and the quantification of the peptides. Glu-fib peptide with m/z 1570.6 was set as calibrant and the sample sets were normalized based on the total ion intensity. The m/z values over 50--1950 were analyzed. Carbamidomethyl-cysteine fixed modification and Acetyl N-TERM, deamidation of asparagine and glutamine, and oxidation of methionine variable modifications were set. The proteome data was searched against the reviewed mouse protein database from Uniprot (March 30, 2012, 30419). Normalization across samples were done based on total ion intensity. Similar proteins were grouped and quantitative value was given for the one with the highest score. All proteins were identified by at least 3 unique peptide sequences and identified proteins were shown in the [Supplementary Table 1](#S2){ref-type="supplementary-material"}. The *p*-values and experimental ratio of proteins in two groups were calculated and filtered according to these two parameters for further experiments. To analyze the pathways related to the identified proteins, Ingenuity Pathway Analysis (IPA) and Panther Classification System 10.0 (online) were used.

Cell culture experiments {#sec0030}
------------------------

Three-day old 5XFAD mice and their non-transgenic littermates were anesthetized and euthanized by cervical transection. The cortex, hippocampus and cerebellum were dissected under a stereomicroscope in cold Leibovitz's L-15 modification medium (L15, Wicent Inc.). The cortex samples were transferred into Hibernate A medium (Hib A) (Life Technologies, Gaithersburg, MD, USA); the hippocampus and cerebellum samples were transferred into L-15 medium, both containing 2 mM Glutamax-I (Invitrogen), 100 U penicillin, 100 mg streptomycin, 250 ng/mL amphotericin B (Sigma-Aldrich), and 100 U/mL papain (Sigma-Aldrich). They were all agitated with a custom-made agitator vibrating at 50 Hz at +4°C for 45 min. After agitation, the cortex samples were washed in Hank's buffered salt solution (Sigma-Aldrich) three times, and triturated in Hib A for 15 min by gently and repeatedly pipetting through the tips of narrowing bores (from 2 mm diameter down). The cell suspension was spun at 300 g for 3 min, the supernatant was discarded and the pellet was resuspended in PNBM medium supplemented with 2% NSF-1 (PNBM-NSF, Lonza, Walkersville, MD, USA) containing 2 mM Glutamax-I, 100U penicillin, 100 mg streptomycin and 250 ng/mL amphotericin B. Similar to preparation for cortex, after agitation, hippocampus and cerebellum were triturated for 15 min by gently and repeatedly pipetting through the tips of narrowing bores (from 2 mm diameter down). The cell suspension was spun at 300 g for 3 min, supernatant was discarded and the pellet was resuspended in L-15 and spun at 300 g for 3 min. The supernatant was discarded and the pellet was resuspended in PNBM-NSF. The final cell suspensions of cortex, hippocampus and cerebellum were seeded on 35-mm glass-bottomed petri dishes, which had been previously covered with poly-D lysine (1.8 lg/cm^2^, 3 h at room temperature). The dishes were left in the incubator (37°C, 5% CO~2~), for 2 h to let the neurons attach to the bottom. The dishes were gently washed with PBS to remove unattached cells and remaining debris, filled with PNBM-NSF and returned to the incubator. After 48-hours, the cells were fixed with 4% (v/v) paraformaldehyde in PBS for 15 min at room temperature, followed by two washes in PBS. Multiple 20X pictures of cell cultures were acquired at various locations using a Zeiss Axio Observer.A1 inverted microscope with a Hoffman modulation coupled to a CCD camera (Zeiss Axiocam 503 Color) after fixation. Somas and neurites, which were branched from the last nodes, were counted. Neurite per neuron numbers were calculated.

Immunocytochemistry {#sec0035}
-------------------

Fixated cells were permeabilized and blocked with PBS containing 0.1% Triton X-100, 3% bovine serum albumin and 1% goat serum (Sigma-Aldrich) for 45 min at room temperature. Cells were incubated with rabbit anti-Tubulin IgG (1:500, Sigma-Aldrich) primary antibody overnight at 4°C. Cells were then washed two times with PBS and incubated with goat anti-rabbit (1:1000, Alexa Fluor^®^594) secondary antibody for 3 h. Labeled cells were then washed in 0.02% Tween-20 in PBS and incubated in 1:1000 DAPI in PBS. After final wash with 0.02% Tween-20 in PBS, immuno-stained cells were observed under Zeiss Confocal microscope.

Western blot analysis {#sec0040}
---------------------

Proteins were extracted from the cortex, hippocampus and cerebellum as described above (see Sample preparation for LC-MS/MS analysis section). 20 μg of proteins from each tissue lysate were resolved by 4--20% Mini-PROTEAN TGX precast gels (BioRad) and transferred to a PVDF membrane (BioRad). The membrane was first blocked in the blocking buffer (5% nonfat dry milk, 0.1% Tween-20; in PBS) for 1 h at room temperature and then incubated with anti-Aβ antibody (1:500; 4G8; Signet, USA), anti-HSP70 antibody (1:200; Santa Cruz Biotechnology, USA), anti-mTOR antibody (1:250; Santa Cruz Biotechnology, USA), and anti-Cdk-5 antibody (1:200; Santa Cruz Biotechnology, USA) in blocking buffer for overnight at 4°C. After washing, the membrane was incubated with an HRP-conjugated goat anti-mouse secondary antibody (1:2000; Santa Cruz Biotechnology, USA) for 1 h at room temperature and detected by chemiluminescence (Bio-Rad). Equal protein loading was confirmed by stripping the blot and re-probing with a β-actin antibody (1:1000; Santa Cruz Biotechnology, USA). Western blots were quantified by densitometry using the ImageJ software.

Immunohistochemistry {#sec0045}
--------------------

Sagittal brain sections (18 μm) of newborn 5XFAD and LM mice were fixated via 4% PFA. Sections were blocked with pre-diluted horse serum provided in avidin/biotin complex (ABC) kit (Vector Laboratories, Burlingame, CA) for 10 min. Sections were incubated in 1:30 goat polyclonal antibody against IL-4 (Santa Cruz Biotechnology, USA) overnight at 4°C. After washing, the sections were incubated with biotinylated horse anti-mouse Ig/rabbit Ig secondary antibody for 15 min. Amplification of secondary antibody signal was achieved through incubation in ABC complex for 5 min. For color development, the vector diaminobenzidine (DAB) peroxidase kit (Vector Laboratories) was used. Sections were mounted onto slides and cover-slipped. Image acquisition was performed using Zeiss AxioZoom V16 microscope. Multiple pictures from cortex, hippocampus and cerebellum of 5XFAD and LM brain sections were taken with 10X, 40X, 63X objectives to be analyzed.

Lastly, Nissl staining were done for neighbor sections as control. Stained sagittal brain section images were obtained by Zeiss Confocal microscope.

Statistical and bioinformatics analysis {#sec0050}
---------------------------------------

Statistical analyses of nanoLC-ESI-MS/MS were performed by the two-tailed Student's *t*-test. Proteins identified by label-free LC-MS/MS were analyzed by the Ingenuity Pathway Analysis Tool (IPA, Ingenuity Systems, Redwood City, CA) for biological functions, associated diseases and biological networks. Right-tailed Fisher's exact test was used to determine the *p*-value, which indicates that the probability of biological functions, canonical pathways and diseases associated with the networks are because of chance alone. One-tailed Student's *t*-test was used for the statistical analysis of neurite numbers of cell culture and western blot experiments.

RESULTS {#sec0055}
=======

In order to analyze the protein expression differences in the cortex, hippocampus and cerebellum of 5XFAD compared to their non-transgenic littermates (LM), mass spectrometry based proteomics methods were used following the dissection of the brain regions. Charge state deconvolution and deisotoping were done with Progenesis QI-P and 1598 proteins were identified and 325 proteins were observed with statistically significant changes (fold change\>1.5 and *p* \< 0.05) across different brain regions of neonatal 5XFAD mouse model ([Supplementary Table 1](#S2){ref-type="supplementary-material"}). A total of 243, 132, and 80 of these proteins belong to cortex, hippocampus and cerebellum respectively. Out of 243 proteins, 138 were specific to the cortex while 68 proteins were also altered in the hippocampus and 17 proteins were also altered in the cerebellum. Hippocampus and cerebellum shared 5 proteins. Additionally, 20 proteins were observed to be altered within all regions ([Fig. 1A](#adr-2-adr170049-g001){ref-type="fig"}). [Figure 2](#adr-2-adr170049-g002){ref-type="fig"} shows the list of common 20 proteins within all three regions and fold change of protein level in these regions of 5XFAD mice compared to LM. Notably, almost all overlapping proteins were regulated in the same direction, except one protein was upregulated in the cortex while downregulated in the hippocampus (Thada-Thyroid adenoma-associated protein) and one protein upregulated in the cerebellum while downregulated in the cortex (Neil2-Endonuclease 8-like2). Among the top ten significantly altered proteins in each region, CD44, ATP-dependent 6-phosphofructokinase (PFKL) and (Fragile X mental retardation protein 1) FMR1 in cortex and hippocampus (Serine protease inhibitor A3G) SERPINA3G in cortex and cerebellum, Protein SOGA3 in hippocampus and cerebellum were overlapping ([Fig. 1B](#adr-2-adr170049-g001){ref-type="fig"}).

![Overview of protein expression profiles in cortex, hippocampus and cerebellum of newborn 5XFAD mice. A) Number of overlapping and non-overlapping proteins in three brain regions. B) Top ten altered proteins in three brain regions listed by rank of fold change. Cut-off for FC\>1.5 and *p* \< 0.05 comparing 5XFAD with LM. (**↑**:upregulated, **↓**: downregulated).](adr-2-adr170049-g001){#adr-2-adr170049-g001}

![Co-regulated proteins between cortex, hippocampus and cerebellum in 5XFAD mice compared to control. Proteins that were elevated and diminished compared to control animals. (Cut-off for FC\>1.5 and *p* \< 0.05).](adr-2-adr170049-g002){#adr-2-adr170049-g002}

According to IPA analysis of significantly altered proteins, the related canonical pathways were Ephrin B Signaling, Clathrin-mediated Endocytosis Signaling, Integrin Signaling for the cortex, Netrin Signaling, Mevalonate Pathway, Rho Family GTPases signaling for the hippocampus and 2-ketoglutrate Dehydrogenase Complex, AMPK Signaling and BRCA1 in DNA Damage Response pathways for the cerebellum. In addition to that, we analyzed 20 co-regulated proteins using IPA. IL-4 was found to be the top upstream regulator ([Supplementary Table 2](#S3){ref-type="supplementary-material"}) while the top network of these 20 proteins indicated a relation with inflammation network ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). All the pathways stated above were expected to influence molecular and cellular functions such as; cellular assembly and organization, cellular function and maintenance, cell morphology, and cell cycle according to IPA ([Fig. 3](#adr-2-adr170049-g003){ref-type="fig"}).

![Molecular and cellular functions associated to significantly altered proteins in newborn 5XFAD cortex, hippocampus and cerebellum according to IPA.](adr-2-adr170049-g003){#adr-2-adr170049-g003}

We used *in vitro* techniques to determine the possible morphological alterations that IPA suggested. Primary cells of cortex, hippocampus and cerebellum of 3 day-old 5XFAD mice and their non-transgenic littermates were cultured and immunofluorescence stained with β-III Tubulin to detect cytoskeletal morphology changes. Obtained images were analyzed and neurite per neuron ratios were calculated for each brain region. Results indicated an increase in neurite number of the newborn 5XFAD cortex, hippocampus, and cerebellum ([Fig. 4](#adr-2-adr170049-g004){ref-type="fig"}).

![*In vitro* Morphology Analysis. (A) Cell culture images and (B) quantified number of neurite per neuron values of newborn cortex, hippocampus and cerebellum. (Tubulin = green, DAPI = blue; *n* = 3; ^\*^*p* \< 0.05).](adr-2-adr170049-g004){#adr-2-adr170049-g004}

Several studies suggest that elevated levels of AβPP may enhance the neurite outgrowth and branching before it becomes neurotoxic. Therefore, we performed a western blot analysis to detect the expression change in AβPP of 5XFAD mice compared to LM mice. Results showed an increase in the 5XFAD cortex, hippocampus and cerebellum ([Fig. 5](#adr-2-adr170049-g005){ref-type="fig"}). Also, we analyzed the expression change of three proteins---Cyclin-dependent-like kinase 5 (Cdk-5), Heat shock protein 70 (HSP70) and Serine/threonine-protein kinase mTOR---which are known to be altered in AD brain, by western blot to validate our proteomics results. Expression of Cdk-5 was found to be increased in cortex and cerebellum of 5XFAD whereas decreased in the hippocampus. Expression of HSP70 was decreased in cortex and cerebellum as indicated by proteomics data. On the other hand, expression of mTOR in cortex and cerebellum of 5XFAD mouse was increased as opposed to proteomics data ([Fig. 5](#adr-2-adr170049-g005){ref-type="fig"}).

![Validations with western blot. Western blot analysis of cortex, hippocampus and cerebellum shows expression change of AβPP, Cdk-5, HSP70, and mTOR proteins in newborn 5XFAD mice compared to LM.](adr-2-adr170049-g005){#adr-2-adr170049-g005}

Expression of IL-4 protein, which was suggested by IPA to be an upstream regulator of the co-regulated proteins, was validated using immunohistochemistry ([Fig. 6](#adr-2-adr170049-g006){ref-type="fig"}). The result indicated an increase in IL-4 expression in CA1 area of the 5XFAD hippocampus.

![Immunostaining. IL-4 staining of newborn sagittal brain sections of 5XFAD and LM mice. (Top: IL-4 staining of whole brain, Middle: IL-4 staining of hippocampus, Bottom: Nissl Staining of hippocampus).](adr-2-adr170049-g006){#adr-2-adr170049-g006}

Among the proteins with a modulated expression, a bibliographic search was carried out to identify those reported in the previous proteomics studies of postmortem human AD brains ([Table 1](#adr-2-adr170049-t001){ref-type="table"}). We found that 10 proteins from cortex, 2 proteins from hippocampus, and 1 protein from cerebellum presented in the previous studies were also altered in our study of newborn 5XFAD mice in the same direction.

###### 

Proteins that significantly altered in newborn 5XFAD mouse model in comparison with those previously reported in proteomics studies of postmortem AD brain between 2002--2016

  Accession No   Protein                                                            Newborn 5XFAD   postmortem AD
  -------------- ----------------------------------------------------------------- --------------- ---------------
  Cortex                                                                                           
    P03995       Glial fibrillary acidic protein^\*^                                      ↓         \[[@ref065]\]
                                                                                                         ↑↓
    P17182       Alpha enolase                                                            ↓         \[[@ref065]\]
                                                                                                         ↑↓
    P51807       Dynein light chain                                                       ↑         \[[@ref065]\]
                                                                                                          ↑
    P62141       Serine/threonine-protein phosphatase PP1-beta catalytic subunit          ↓         \[[@ref069]\]
                                                                                                          ↓
    Q80Z24       Neuronal growth regulator 1^\*^                                          ↓         \[[@ref069]\]
                                                                                                          ↓
    Q8BHZ0       Protein FAM49A                                                           ↑         \[[@ref069]\]
                                                                                                          ↑
    Q99MB2       Mitochondrial fission regulator 1                                        ↓         \[[@ref069]\]
                                                                                                          ↓
    Q9JKK7       Tropomodulin-2^\*^                                                       ↑         \[[@ref069]\]
                                                                                                          ↑
    Q9QZM0       Ubiquilin-2^\*^                                                          ↓         \[[@ref067]\]
                                                                                                          ↓
    Q9WUK2       Eukaryotic translation initiation factor 4H                              ↑         \[[@ref069]\]
                                                                                                          ↑
  Hippocampus                                                                                      
    P14824       Annexin A6^\*^                                                           ↑         \[[@ref053]\]
                                                                                                          ↑
    P62204       Calmodulin                                                               ↑         \[[@ref068]\]
                                                                                                          ↑
  Cerebellum                                                                                       
    Q9QYR6       Microtubule-associated protein 1A^\*^                                    ↑         \[[@ref053]\]
                                                                                                          ↑

(↑: upregulated, ↓: downregulated) (^\*^Cell morphology, cellular assembly and organization, cellular function and maintenance, cellular growth and proliferation related proteins).

DISCUSSION {#sec0060}
==========

Although AD is an age-related neurodegenerative disorder that demonstrates symptoms at mid-60 s for the late-onset form \[[@ref018]\] which represents more than 95% of the AD cases, alterations of the brain are known to start decades before the symptoms. These alterations selectively affect the particular functional regions of the brain, such as cortex and hippocampus, instead of dominating the whole brain. Previous proteomics studies of transgenic mouse models include different time-points varying between 1 month to 12 months \[[@ref011]\]. Here, we carried out a proteomics study with newborn 5XFAD mice focusing on three brain regions; cortex, hippocampus and cerebellum. Much to our surprise, a noteworthy change in protein expression profile was determined, especially considering the other different pre-symptomatic time point studies in the literature \[[@ref011]\].

Neurodegenerative disorders have symptoms reflecting the functional area that is damaged by pathology. In AD, the earliest symptom is memory loss, which indicates hippocampus and entorhinal cortex defect. In the next stage of the disease, carrying out the cognitive tasks such as reading, recognizing objects and decision making become much harder according to spreading of the disease through the cortex. At the final stage, widespread brain atrophy causes loss of language skills, basic motor skills and personality changes \[[@ref027]\]. Even, schizophrenia is detected to be linked with cerebellum damage in some cases. Our data exhibit region specific alterations in protein expression pattern ([Fig. 1](#adr-2-adr170049-g001){ref-type="fig"}). The protein expression alterations were found mainly localized in the cortex and the hippocampus, which are known to be the most affected regions in AD, while cerebellum displays fewer alterations. Though the top canonical pathways related to cortex, hippocampus and cerebellum differed, cellular and molecular functions, that were expected to change in these regions, showed similarity ([Fig. 3](#adr-2-adr170049-g003){ref-type="fig"}). This result suggests that increased Aβ expression of the mouse model caused by mutation, leads to similar functional alterations even though alterations occur through different proteins.

Among the top ten cellular functions, obtained by IPA, we determined that four functions, cellular assembly and organization, cellular function and maintenance, cell morphology and cell cycle, were affected in all three brain regions ([Fig. 3](#adr-2-adr170049-g003){ref-type="fig"}). According to our current knowledge, cortex and hippocampus are primarily effected brain regions in AD and they interact with each other directly by neural connections \[[@ref001]\]. Thus, it is not a surprise that they shared more functional alterations as well as protein expression patterns. However, cerebellum, the least and latest affected brain region, showed the minimum protein expression change in newborn AD brain.

Several *in vitro* studies showed that low concentrations of aggregated Aβ, Aβ fibrils including Aβ~40~ and Aβ~42~, and soluble AβPP induce the neurite outgrowth and branching \[[@ref032]\] even though Aβ is the main toxic element of senile plaque pathology of AD. AβPP was also identified as an independently operating growth cone cell adhesion molecule that affects axon guidance in adult and developing brains \[[@ref035]\]. Besides the fact that it is a critical factor for neural circuit development, its expression is increased in reactive glia after neuronal damage \[[@ref036]\]. Our IPA analysis, suggesting that the proteome alteration in 5XFAD mice is related to cell morphology, cellular movement and, cellular assembly and organization, led us to perform a primary cell culture experiment to investigate morphological and organizational differences in newborn 5XFAD mice compared to LM mice. Our analysis revealed an increase in neurite number in cultured cells from newborn 5XFAD cortex, hippocampus and cerebellum ([Fig. 4](#adr-2-adr170049-g004){ref-type="fig"}). We predicted that this increase may be the result of the rapid, but not high enough to be toxic, production of AβPP and Aβ. Western blot analysis verified the increase in AβPP expression in all three brain regions ([Fig. 5](#adr-2-adr170049-g005){ref-type="fig"}). These results indicate that even at an early time point as neonatal day-1, molecular shift in 5XFAD mouse brain causes observable and significant alterations in cellular structure.

Tau pathology has not been reported for 5XFAD mouse model yet and we did not perform any experiments to investigate tauopathy in newborn mice, however, some of the proteins we identified demonstrate a relation with tauopathy. Heat shock 70 kDa protein, which was one of 20 co-regulated proteins ([Fig. 2](#adr-2-adr170049-g002){ref-type="fig"}), is a molecular chaperon that prevents aggregate formation in cells, suppress AD conditions and protects neurons in various animal models of AD \[[@ref037]\]. HSP70 might promote tau binding to microtubules and implicate blocking tau aggregation or directly prevent tau aggregation, resulting in prevention of tauopathy \[[@ref040]\]. Downregulation of HSP70, we detected in 5XFAD cortex, hippocampus and cerebellum, might favor the possible tauopathy. Cyclin-dependent kinase 5 is another important protein for tauopathy and AD. Cdk5 plays an important role in neuronal development, synaptic plasticity, cognition and neuronal survivor \[[@ref043]\]. Hyperactivation of Cdk5 under neurotoxic or stress conditions, as seen in AD, leads to hyperphosphorylation of several cytoskeletal components such as tau and neurofilaments, thus disturbances in cytoskeletal organization and loss of dendritic spines \[[@ref047]\]. Our results show elevated expression of Cdk5 ([Fig. 5](#adr-2-adr170049-g005){ref-type="fig"}) which was previously reported in the brain and CSF of AD patients \[[@ref051]\]. We also detected elevated levels of Microtubule-Associated Protein MAP1A, parallel to previous postmortem AD studies \[[@ref053]\], which might be an afford of neurons to compensate the loss of one functional member of MAP family; tau \[[@ref054]\].

Neuroinflammation is an important factor for AD progress. The glial activation starts as a reaction to Aβ toxicity and neural damage becomes harmful in time \[[@ref055]\]. IL-4 is an anti-inflammatory cytokine that suppresses pro-inflammatory cytokine production to neutralize neuroinflammatory process in general and in AD \[[@ref056]\]. Several *in vitro* and *in vivo* studies showed exogenous IL-4 reduces the accumulation of Aβ \[[@ref059]\] while endogenous IL-4 leads to neurodegeneration in hippocampal neurons \[[@ref062]\]. Our IPA analysis points out the top upstream regulator of the common proteins within all three regions is IL-4 ([Supplementary Table 2](#S3){ref-type="supplementary-material"}). In addition, when the pathway of inflammation-related proteins in literature and co-regulated proteins of our data are combined, the total pathway shows these two groups of proteins are connected directly or indirectly while they do not share any protein ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). This might be an indicator of activated neuroinflammation reaction of the brain against increased amount of Aβ in newborn 5XFAD. Therefore, we investigated the expression change of IL-4 by immunochemistry which showed an increase in IL-4 levels in CA1 area of 5XFAD hippocampus compared to LM hippocampus ([Fig. 6](#adr-2-adr170049-g006){ref-type="fig"}). Since the previous data is inconclusive, it is hard to say whether this increase is a neuroprotective activation in response to Aβ elevation or a part of neurotoxic events. Nevertheless, we may conclude there is a disturbance in balance between pro- and anti-inflammatory cytokines.

We also compared our data to the proteomic studies which were previously performed with postmortem human brain tissue of AD patients ([Table 1](#adr-2-adr170049-t001){ref-type="table"}). Both in the literature and in our study, we determined 13 proteins that showed expression change in the same direction. Overall, 6 of these proteins were stated as related to cellular functions such as; cellular assembly and organization, cellular function and maintenance, and cell morphology via IPA. Another important aspect of these results is that, the postmortem human brain studies we used for comparison were performed on sporadic AD cases; nevertheless, the results are still considerably similar to our transgenic mouse model study results. This similarity supports the reliability of 5XFAD transgenic mouse model. It is understandable to detect a protein expression change caused by the overexpression of APP and PSEN genes in such familial mouse model, however, observing the alterations in cellular extend is intriguing. On the other hand, conducting a pre-symptomatic stage study with sporadic AD cases is not possible, and clinical and pathophysiological features of the familial and sporadic AD are known to be similar except small differences like severity and age of on-set \[[@ref063]\].

Other studies focusing on proteome profile changes in the brain tissue of AD mice during the progression of the disease showed that the number of alterations between the proteome of AD and healthy brains increase as an age-dependent manner. Surprisingly, our data of newborn AD mouse model displays more similarities with postmortem human AD proteomes than other progression-stage proteome studies. One of the possible explanations of how these similarities in the molecular and morphological alterations do not cause disease pathology and symptoms for decades, may be the activation of both detrimental and protective mechanisms via the altered proteins which were discovered in the current study. Thereby, it may be assumed that the disease falls into a silenced period. However, through the course of time, the burden of the cell increases because of increasing DNA damage, oxidative stress, mitochondrial dysfunction, protein aggregates, and defects in proteolysis system accompanied by aging the disease may override.

Finally, based on our present data and previous studies, unrevealing the early molecular events is crucial to get a better understanding of AD pathogenesis. Further investigation is necessary to figure out whether neonatal period represents a favorable model for old age. Our findings suggest a radical new aspect of the genesis of neurodegeneration where we show that at very early stages there is evidence to support the initiation of altered molecular pathways which might lead to cognitive impairment.
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###### Supplementary Figure 1

Network of co-regulated proteins in cortex, hippocampus and cerebellum is shown in relation with inflammation pathway. (Purple: Inflammation related proteins, Green: Downregulated proteins, Red: Upregulated proteins)

###### 

Click here for additional data file.

###### Supplementary Table 1

Differential expression analysis of protein abundances in 5XFAD and LM brains. List of proteins with significantly altered protein abundances (\> 1.5-fold change; p \< 0.05) in AD versus LM brain is provided with peptide counts, confidence scores, p values and maximum fold changes. Differentially expressed proteins in the cortex, hippocampus, and cerebellum are provided in separate tabs.
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Click here for additional data file.

###### Supplementary Table 2

Top upstream regulators of co-regulated proteins in cortex, hippocampus and, cerebellum.

###### 

Click here for additional data file.
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